Micro/nanoparticles were fabricated by pulsed-excimer-laser ablation of a Pt target in water. Three kinds of hollow Pt particles (coalesced by micrograins, assembled by nanocrystals or with smooth shells) were observed together with solid particles using different laser fluences (2.3-6.8 J cm
Introduction
Pulsed-laser ablation of a bulk material in a liquid environment has attracted increasing interest and is a simple and reliable approach for nanoparticle fabrication [1] [2] [3] [4] [5] [6] [7] [8] . The high power density near the focus of a pulsed laser (>10 6 W cm −2 ) allows this method to be applied to a large variety of materials, such as semiconductors, metals, ceramics and even complex compositions, e.g. scintillating materials [3] [4] [5] [6] [7] . The simplicity refers to the experimental set-up that basically only needs a pulsed laser, beam delivery optics and a dish to hold the target. This does not, however, indicate that the ablation process itself is straightforward. In fact, the ablation confined in a liquid is a rich experimental environment and current understanding of the ablation mechanism is far from complete [1] . Many factors affect the ablation process, such as the pulse width, laser wavelength, frequency and fluence of the laser, the kind and depth of the liquid, the surfactant (if used), and even the smoothness of the target [1, 2, 5] . It has been proposed that melting, evaporation and plasma may be produced on the target surface by laser irradiation that result in solid particles and these were explained by different formation mechanisms [1, 5] . The laser-matter interactions in liquid are even more complex; confinement of laser-produced plasma by the liquid, enhanced heat conduction from the target, possible chemical reactions and especially a reservoir of laser-fabricated particles or small clusters which could form larger particles by nucleation and growth have generally been recognized as the roles of the liquid [1, 2, 5] . However, the fact that lasers can produce bubbles in water, which is well known and has been widely studied for luminescence from the bubbles [9, 10] , is seldom considered in the laser ablation in liquid experiments [1, 2] . Thus far only solid particles with well-defined morphologies have been fabricated by the traditional laser ablation in liquid method, perhaps obscuring the importance of the value of laser-produced bubbles in liquid [1, 2] . However, recently nanocrystalline diamond fabricated by laser ablation of a graphite disc in water was considered to form in laser-produced bubbles [11] , indicating that laser-produced bubbles could provide an attractive processing environment.
In this paper, we report the fabrication of micro/ nanoparticles by pulsed-excimer-laser ablation of a Pt target in water. Although the majority of the products are solid particles, it is interesting that three kinds of hollow Pt spheres (coalesced by micrograins, assembled by nanocrystals or with smooth shells) could be observed and their morphologies vary, depending on the laser fluence. Oval-shaped hollow Pt microparticles were also observed. We propose that these hollow structures were formed on laser-produced bubbles in water. The bubbles provided thermodynamically preferred nucleation sites and diffusion sinks for the Pt clusters, or particles, resulting in different kinds of hollow structures. Hollow micro/nanostructures are attractive for applications in drug delivery, as catalysts, and in rechargeable batteries [12] . Traditionally, hollow spheres were fabricated by templatebased methods and solvothermal reactions [12] . Laser ablation in water provides a new mechanistic approach to fabricate hollow structures that could serve fundamental single-particle studies, such as mechanical properties, nanoelectronics and optics, and as substrates for surface spectroscopy. The experimental results not only extend the scope of particles that pulsed-laser ablation in liquid can fabricate, but they also enrich the mechanistic scenario of laser ablation and nanostructure formation in liquid.
Experimental details
In our experimental set-up, a platinum metal plate was placed in a rotating glass holder under 4 mm of distilled water. Ablation was carried out using a KrF excimer laser (wavelength 248 nm, frequency 10 Hz, pulse width 30 ns). A pulsed-laser beam, delivered by optics with a spatial filtering aperture to select the central part of the beam, was focused onto the surface of the target to a spot size of 1.2 mm 2 . Laser fluences of 2.3, 3.6 and 6.8 J cm −2 were used by adjusting the laser energy. A sample was also prepared in 0.05 M aqueous solution of sodium dodecyl sulfate (SDS) with a laser fluence of 2.3 J cm −2 for comparison. SDS is a widely used surfactant. The ablation time was 10 min for each experiment (6000 shots). One more sample was prepared in water with a laser fluence of 6.8 J cm −2 and an extended ablation time of 1 h to investigate the oxidation of Pt nanoparticles. The resulting particles were collected by centrifugation and some of them were dried on a silicon single-crystal substrate at room temperature for x-ray photoelectron spectroscopy (XPS) analysis. The SDS sample was washed several times in distilled water before being dried. We also performed the experiment using TiO 2 (rutile structure) and Nb 2 O 5 targets with the laser fluences of 3.7 and 4.9 J cm −2 , respectively. The products were characterized with a field emission scanning electron microscope (SEM, JEOL JSM-6330F) equipped with energy-dispersive x-ray spectroscopy (EDS) and a transmission electron microscope (TEM, Philip CM12) equipped with selected-area electron diffraction (SAED). The optical absorption spectra of the particle-containing liquids were measured by a UV/vis/NIR Spectrophotometer (Perkin Elmer Lambda 950). The XPS analysis was performed in a Physical Electronics 5400 system using a monochromatic Mg Kα line (1253.6 eV) at a base pressure of ∼10 −10 Torr. The charging calibration was performed by referring the C 1s position to the binding energy at 284.6 eV. 300 nm, which were generally obtained by this technique [5] , spheres aggregated from small nanocrystals have also been observed as indicated by the arrows. The contrast variations in the center of the particles indicate they are hollow. Figure 1 (c) shows a typical hollow sphere with a diameter of about 200 nm. This sphere was aggregated from small nanocrystals with diameters less than 10 nm. The corresponding SAED pattern in figure 1(d) indicates that the nanocrystals are Pt metals with face centered cubic structure and the hollow sphere is polycrystalline. This kind of hollow sphere is similar to the chemically synthesized hollow Pt spheres that are porous and aggregated from nanoparticles [13] . Moreover, we observed another kind of hollow Pt spheres as shown in figures 2(a) and (b). They have similar diameters to the porous hollow spheres, but with smooth and closed shells. Such hollow spheres were seldom observed before [12] . Recently, a single-particle study on hollow CdS nanoparticles consisting of nanograins showed ultrahigh stress and strain [14] . Our hollow nanoparticles with smooth and continuous shells could provide useful samples for such a study.
Results and discussion
Intrigued by the hollow Pt spheres, we also prepared other samples with the same procedure, but by varying the laser fluence. Figures 2(c) and (d) show the Pt nanoparticles fabricated with a laser fluence of 6.8 J cm −2 . Hollow Pt particles with smooth shells can still be observed in the products as indicated by the arrows, but hollow spheres aggregated from small nanocrystals could not be found. It can also be observed that some nanoparticles were joined together as indicated by the arrow in figure 2(d). This phenomenon indicates that the laser-particle interactions are stronger at the fluence of 6.8 J cm −2 (and when integrated over 6000 shots). Figure 3 shows the size and morphology distributions of the laser-produced particles in the two samples. Particles of 10 nm and larger were counted for the 3.6 J cm −2 sample. Only a small proportion of the products are hollow and the size of most hollow particles are around 100 nm. However, the report shows that laser ablation in water can result in spherical assembly of nanoparticles in liquid and directly produce hollow particles with well-defined shapes. To date, only linearappearing Au and Pt networks formed from nanoparticles by laser irradiation in liquid have been reported [15, 16] .
The optical absorption spectra of the water containing Pt nanoparticles produced with laser fluences of 3.4 and 6.8 J cm −2 are shown in figure 4 . Both spectra exhibit a structureless broad band with no observable plasmon resonance due to the existence of Pt nanoparticles. Similar spectra were also observed for Pt nanoparticles fabricated by 532 nm laser ablation in water [15] . However, the sample fabricated with a lower laser fluence shows stronger absorbance and this may be due to the relatively large amount of small nanocrystals (both aggregated and isolated ones) in the liquid.
The laser fluence was then decreased to 2.3 J cm −2 and the SEM images of the products are shown in figure 5. At this fluence, nanoparticles could not be obtained. Instead, large irregular particles became the dominant products as shown in figure 5(a) . However, Pt microspheres with diameters of 15-20 μm can be observed in the products as magnified in the insets of figure 5(a). The microsphere in the left inset was aggregated by irregular grains and decorated by some spheres, which should be from ejected molten drops. The one in the right inset is relatively smooth, but has some stream-like streaks on the surface, perhaps indicating it was quenched from the melt. Moreover, the hole on the surface reveals a hollow structure. While the left microsphere does not have a large hole to exhibit its internal structure (although some small pores between the grains can be observed), a similar but apparently hollow microsphere coalesced from sheets is shown in figure 5(b) . Besides spheres, oval-shaped hollow microparticles could also be observed in the products. Figure 5 (c) shows such a particle that was assembled by submicron/micrograins, and also decorated by some spheres. Figure 5 (d) shows another oval-shaped hollow microparticle. Grains can still be seen on the left part of the shell, but not on the right part. The EDS spectrum of the particle is shown in Figure 4 . Optical absorption spectra of the water containing Pt nanoparticles after 248 nm laser ablation for 10 min with different laser fluences. Distilled water was scanned first and used as the baseline.
figure 5(e); only platinum can be detected. Formation of ovalshaped hollow particles by the laser ablation in liquid method is quite surprising in that it has never produced well-defined non-spherical shapes except fractal structures [1] . The large irregular particles obtained at the laser fluence of 2.3 J cm −2 are not desirable products. We found that, by using an aqueous solution of SDS, these irregular particles can be almost eliminated. Figure 6(a) shows the SEM image of Pt particles obtained in 0.05 M aqueous solution of SDS at the same laser fluence. Only spheres can be observed. Figures 6(b)-(d) show magnified images of cracked particles that are apparently hollow. All these particles have smooth surfaces. The hole in the particle in figure 6(b) is possibly due to explosive breaking up from laser-particle interactions. Coalesced sheets can be clearly identified on the particle shown in figure 6(c) . The oval-shaped hollow particles could not be observed in the products fabricated in the aqueous solution of SDS. Figure 7 shows the XPS spectra of the Pt particles. The spectra (a) and (b) show the Pt 4f region for the particles prepared with a laser fluence of 2.3 J cm −2 in water and in the aqueous solution of SDS, respectively. Both spectra exhibit two peaks centered at 69.8 eV and 73.1 eV, relating to the binding energies of electrons at the Pt 4f 7/2 and Pt 4f 5/2 core levels, respectively [17] . The peaks are symmetric, but shift to lower binding energies for about 0.6 eV compared with the literature value for Pt nanoparticles [17, 18] . The spectra (c) and (d) are from the Pt particles prepared with a laser fluence of 3.6 J cm −2 and 6.8 J cm −2 , respectively. Although the two peaks also appear, they become slightly asymmetric and the intensity of the Pt 4f 5/2 core level becomes stronger, even exceeding that of the Pt 4f 7/2 core level, with increasing fluence. It is reported that the asymmetric peaks indicate a weak oxidation of the surface of Pt particles in the form of Pt 1+ and/or Pt 2+ states [5, 19] . More careful observation for spectrum (d) reveals that there is a small shoulder located at about 76 eV. To reveal the origin of the shoulder and the increase in intensity, we extended the ablation time to 1 h. The shoulder becomes a stronger peak at 76.3 eV, as shown in spectrum (e). Meanwhile, the intensity of the peak at 73.1 eV becomes much stronger than that at 69.8 eV. It is worth noting that the energy shift of the peak at 76.3 eV from the Pt 4f 5/2 core level is 3.2 eV, which is almost the same as the energy difference between the Pt 4f 5/2 core level and the Pt 4f 7/2 core level. Thus, a similar energy shift from the Pt 4f 7/2 core level will result in a peak overlapping the peak at 73.1 eV and increasing its intensity. It is reported that the energy shift is 2.6 eV from the Pt 4f 5/2 core level because of the formation of the Pt 2+ state and 3.4 eV due to the formation of the Pt 4+ state [19] . Based on these data, it is inferred that part of the Pt surface was further oxidized into the Pt 4+ state with the extended ablation time [5, 19] . The XPS analysis shows that surface oxidation may exist in all the samples, and higher laser fluence and longer ablation time increase the possible extent of surface oxidation. Actually, oxidization is common for nanoparticles fabricated by laser ablation in water or aqueous solution, which could be due to the photodissociation of water [20, 21] .
To reveal the formation process of hollow micro/nanoparticles, understanding the fundamental basis of laser ablation in liquid is very important. Various processes happen during the ablation, mainly including laser-target interactions, formation of particles, laser-particle interactions, laser-water interactions and particle-water interactions. These processes are strongly coupled but discussing them separately will build up our basis of understanding. First, the laser-target interactions-upon increasing the laser fluence, laser irradiation of the target may melt the surface, cause thermal vaporization or induce plasma [1, 5] . Rapid melting of the surface could cause explosive ejection of molten drops. Thermal vaporization and condensation of a plasma plume will result in atoms, or small clusters of atoms in the liquid, but the latter provides higher atomic density. Second, the formation of particles in the liquid-molten drops could directly form particles in the liquid. Atoms and small clusters of atoms have to undergo nucleation and growth processes to form particles. The sizes of particles depend on the atomic density in the liquid: a higher atomic density means more small clusters to embryonic nuclei, resulting in larger particles [3] . Third, laser-particle interactions-because the laser has to penetrate the liquid before achieving the target, the previously produced particles may re-enter the laser beam, thus laserparticle interactions have to be considered. These interactions include fragmentation, heating or even melting of the particles. The fragmentation is likely due to explosive breaking up after accumulating sufficient charge through photoelectron emission [22] . Heating or melting of the particles may coalesce the particles once they meet (such as the two nanoparticles shown in figure 2(d) ) and, especially for hollow particles, may cause coalescence of nanoparticle assemblies into smooth hollow spheres, or the collapsing of hollow spheres into solid particles. These laser-particle interactions are cumulative and thus strongly depend on laser fluence and ablation time. Fourth, laser-water interactions-laser irradiation of water may cause photodissociation of water due to one-photon or multiple-photon excitation, resulting in H and OH free radicals or even H 2 and O 2 . Pulsed-laser irradiation of water could also produce bubbles from evaporated/ionized water at the laser focal spot. It is thought that the gas in the bubbles mainly consists of recombination products of the laserevaporated/ionized water [9, 10] , namely atomic and molecular hydrogen, oxygen and water vapor. Thus, the collapsed bubbles may provide oxygen. Finally, the particle-water interactions-water could confine the laser-produced plasma, cooling down molten drops or heated particles. Soluble oxygen in water or products of photodissociation may also cause oxidation of the particles. In these different processes, the most probable route to form hollow particles is provided by laser-produced bubbles, and we propose that the hollow Pt particles were formed on the bubbles. Based on the morphology of Pt particles obtained at different laser fluences, we consider that, at a fluence of 2.3 J cm −2 , the ablation mainly results in explosive ejection of molten drops; at a fluence of 3.6 J cm −2 , ejection of molten drops and thermal vaporization dominate the irradiated area while a plasma can also occur; at a fluence of 6.8 J cm −2 , the target is mainly ablated as an expanding plasma plume [1, 5] . The condensation of a plasma plume provides high atomic density, resulting in larger Pt nanoparticles, while the small Pt nanocrystals (<10 nm) should be from vaporized atoms by nucleation and growth processes. However, during the laser ablation of a Pt target, not only Pt small clusters/particles, but also bubbles, were produced. A schematic illustration (not drawn to scale) is shown in figure 8 . The bubbles originated from laser-evaporated/ionized water on the solidliquid interface [9, 10] . For the small nanocrystals produced and large melted drops, the laser-produced bubbles provided thermodynamically preferred diffusion sinks for spherical assembly so as to minimize the interfacial energy. The process can be analogous to the formation of ZnSe microspheres aggregated from nanocrystals in a synthetic environment with the existence of gas bubbles [23] , and can also be analogous to the formation of precipitates on grain boundaries which serve as diffusion sinks [24] . Positioning of the nanoparticles on a bubble interface will result in a decrease of its interfacial surface free energy. This exerts a driving force for the diffusion of nanoparticles in the water towards the bubble interface. It is worth noting that the laser-produced bubble alone has a short lifetime and will finally collapse [9, 10] . However, the nanoparticles intersecting the bubble interface will restrict the interface motion [24] , thus increasing the possibility of forming a hollow particle. For the melted drops, considering the relatively large size, they may still maintain a high temperature after attaching to the bubble-water interface and thus coalesce into a shell. Further laser irradiation may cause sintering or even re-melting of the drops, resulting in sintered grains or smooth shells. The coexistence of grains and a smooth area in the hollow particle shown in figure 5(d) partly demonstrates the transition process. Similar phenomena were observed by focusing an He-Ne laser onto polystyrene beads coated with Au nanoparticles or Au/TiO 2 bilayers, thus producing smooth core/shell nanospheres due to opto-thermal conversion [25, 26] . The surface of polystyrene beads could also promote the recrystallization of ejected Au/TiO 2 in the form of spherical droplets [26] , which is analogous to the spherical particles observed on the shells of microparticles shown in figure 5 . The laser-produced bubbles could also provide nucleation sites for the small clusters of a condensed plasma plume. Thus hollow spheres with smooth shells were obtained due to bonding and further growth of the clusters. Laser reprocessing of nanoparticle assemblies may also result in smooth hollow spheres. A question may arise as to why oval-shaped hollow microparticles were formed. Research on laser-induced bubbles in water has shown that a bubble near a rigid boundary showed an aspherical shape before it collapsed [9] . Since the Pt target is just such a rigid boundary, such bubbles could provide a chance to form aspherical hollow particles.
To demonstrate the generality of the formation mechanism, we also fabricated particles using pulsed-excimerlaser ablation of the TiO 2 and Nb 2 O 5 targets in water and observed hollow spheres. Figures 9(a) and (b) show the TEM images of the products with the arrows indicating the hollow spheres. Hollow spheres in both products are still rare but they demonstrate the possibility to fabricate hollow particles from other materials by laser ablation in water.
Conclusions
Micro/nanoparticles have been fabricated by pulsed-excimerlaser ablation of a Pt target in liquid. Depending on the laser fluence, different kinds of hollow Pt structures were obtained that could be coalesced by micrograins, assembled by nanocrystals or with smooth shells. These hollow structures are considered to form on laser-produced bubbles in water, which provided thermodynamically preferred nucleation sites and diffusion sinks for Pt small clusters or particles. Since only a small amount of the products are hollow, for practical applications further investigation is needed to optimize the proportion of hollow particles, and control their size and morphology. One possible route is to use a more suitable liquid or liquid mixture to increase the generation of bubbles during the ablation, or increase the lifetimes of bubbles. Alternatively, one may use an ultrasonic processor to induce cavitation bubbles during the laser ablation, or directly input gas bubbles into the liquid during the ablation. However, the results have expanded the mechanistic scenario of laser ablation in liquid from that which existed before. The hollow particles obtained could be beneficial for fundamental investigations and provide a new mechanistic approach that may be applied to other material systems, and to fabricate different structures beyond the published work. The mechanism of formation can be further investigated so as to be incorporated into more conventional and higher yield approaches which may also be more amenable to separation and concentration. For example, the trapping of nanocrystals by laser-produced bubbles also indicates a possibility to fabricate hollow aggregates by focusing a pulsed laser into nanoparticle suspensions, wherein the nanoparticles could be prepared by other methods.
